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Background. Nephrin is a recently discovered protein of the
immunoglobulin (Ig) superfamily. In the kidney, it is located
at the slit diaphragm, which forms the decisive size-selective
filter of glomerular ultrafiltration barrier and locates between the
interdigitating foot processes of podocytes. Nephrin is mutated in
congenital nephrosis of the Finnish type (NPHS1) and has
been demonstrated to be an essential component of the slit
diaphragm. Based on its domain structure, nephrin is likely to
be a cell-cell or cell-matrix adhesion protein that may have a
signaling function. In this study, we hypothesized that the cluster-
ing of nephrin with antibodies on cell surface mimics the situa-
tion where the interaction between nephrin and its extracellular
ligand(s) is altered.
Methods. Nephrin was clustered on the surface of stably
transfected HEK293 cells by a monoclonal antinephrin anti-
body and polyclonal secondary antibody. Clusters were visual-
ized by immunofluorescence microscopy. Changes in protein
phosphorylation were studied employing immunoprecipitations
and Western blot analysis. A specific inhibitor and cotransfection
experiments were used to investigate role of Src family kinases
in nephrin phosphorylation.
Results. Clustering of nephrin induced its own tyrosine phos-
phorylation. This phosphorylation was inhibited by PP2, an
inhibitor of Src family kinases. Several members of Src family
kinases were able to induce nephrin phosphorylation when co-
transfected to HEK293 cells with nephrin. Moreover, the Src
family kinase Fyn was consistently found to be coimmunopreci-
pitated with nephrin. Interestingly, clustering of nephrin induced
also tyrosine phosphorylation of a 46 kD protein that was as
well found to be coimmunoprecipitated with nephrin.
Conclusion. Nephrin is a signaling protein phosphorylated
by Src family kinases.
1 See Editorial by Mathieson, p. 756.
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Nephrin is a 190 kD membrane-spanning glycoprotein
that is expressed in the glomerular podocyte cells, in the
pancreatic  cells, in the Sertoli cells of testis, and in
restricted areas of brain and spinal cord [1–5]. In addi-
tion, nephrin mRNA has been detected by reverse tran-
scription-polymerase chain reaction (RT-PCR) in spleen
and thymus [5, 6]. Nephrin was discovered by positional
cloning as a gene linked to the congenital nephrosis of
Finnish type (NPHS1) [7]. After the initial discovery,
over 50 disease-causing mutations have been found in
the nephrin gene [8, 9].
Based on its primary structure, nephrin is classified to
the family of cell adhesion molecules of the immunoglob-
ulin (Ig) superfamily. In the kidney, it is located at the slit
diaphragm, a specific structure between two neighboring
foot processes of podocytes [1]. The slit diaphragm is
thought to form the decisive size-selective filter of glo-
merular ultrafiltration barrier [10, 11], but its composi-
tion and structure have until recently been unclear. Ac-
cording to a “zipper” model, the slit diaphragm is made
of rod-like units extending from the podocyte foot pro-
cesses to a linear central bar, which runs parallel to cell
membranes [12]. Later, the validity of this model has been
questioned, and the slit diaphragm has been suggested to
have a more diffuse morphology [13, 14]. The filtration
pores are known to have a width of 20 to 50 nm; approxi-
mately the size of an albumin molecule [13, 14]. In addi-
tion to nephrin, two cell adhesion proteins of cadherin
superfamily, P-cadherin and FAT, have been localized
to the slit diaphragm region of podocytes, but their im-
portance for filtration barrier remains to be demonstrated
[15, 16]. An integral membrane protein podocin [17, 18]
and an adaptor protein CD2-AP [19, 20] have been shown
to interact with the intracellular domain of nephrin, and
apparently they contribute to the formation or integrity
of the slit structure. Podocin gene is mutated in familial
steroid-resistant nephrotic syndrome, NPHS2 [21], and
CD2-AP knockout mice develop proteinuria and die at
6 to 7 weeks of age [19]. In earlier studies, also a splice
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variant of the tight junction protein ZO-1 has been local-
ized on the cytoplasmic face of the slit diaphragm [22].
Podocytes and their foot processes are able to react
to pathologic and to physiologic stimuli. In electron mi-
croscopy, the constant finding in nephrotic disorders is
the retraction and effacement of foot processes. Signifi-
cant alterations also occur in the filtration slits and slit
diaphragms [23, 24]. The frequency of filtration slits de-
creases and they narrow. The slit diaphragms may be
displaced or they disappear when tight junctions develop
between foot processes. Several studies have reported
that infusion of polycation protamine into rats results in
proteinuria and effacement of foot processes [25–28].
These changes occur within 10 to 30 minutes and are
largely reversible by subsequent neutralization by hepa-
rin, indicating that podocytes have an ability to rapidly
rearrange the actin cytoskeleton in foot processes. This
definitely requires that podocytes are able to signal from
the slit diaphragm to the cytoskeleton, and also vice versa.
Based on the location, structure and known functions,
nephrin is an obvious candidate to play a role in that
signaling. Nephrin has nine intracellular tyrosines, some
of which are phosphorylated after podocyte-specific anti-
ganglioside antibody-induced proteinuria [29]. An intra-
venous injection of the nephrin-specific monoclonal anti-
body 5-1-6 antibody induces as well a massive proteinuria
in less than 24 hours [30, 31] and leads to a decrease in
nephrin mRNA expression in 1 hour [32]. Moreover, the
expression of nephrin has been reported to be altered in
several kidney diseases and its localization in immunoflu-
orescence microscopy studies has changed to a discontinu-
ous and more granular one [32–35], suggesting a role for
nephrin in pathomechanism of proteinuria.
In this study, we show that nephrin is a signaling mole-
cule. As a first step in exploring of signaling cascades
connected to nephrin, we demonstrate that Src family
kinase activity is crucial for tyrosine phosphorylation of
nephrin, and that apparently several members of Src
family kinases are able to catalyze nephrin phosphoryla-
tion. Furthermore, activation of one or more Src family
kinases results not only in nephrin phosphorylation, but
also in tyrosine phosphorylation of a 46 kD protein.
Moreover, the 46 kD protein and Src family kinase Fyn
were found to be coimmunoprecipitated with nephrin.
METHODS
Antibodies
Monoclonal antihuman nephrin antibodies, clones 50A9,
43H7, and 32B1, as well as the production and purifica-
tion of rabbit antimouse nephrin IgG, have been described
previously [3, 36]. Antiphosphotyrosine antibodies RC20:
HRPO and RC20:biotin were purchased from Transduc-
tion Laboratories (Lexington, KY, USA). Affinity-puri-
fied polyclonal rabbit anti-Fyn and anti-Lyn antibodies
were obtained from Santa Cruz Biotechnology, Inc. (Santa
Cruz, CA, USA), whereas mouse anti-Src monoclonal
antibody, rabbit anti-Src family, and rabbit anti-Yes anti-
bodies were supplied by Upstate Biotechnology (Lake
Placid, NY, USA). Whole IgG and purified F(ab)2 of
goat antimouse IgG were obtained from Jackson Immu-
noResearch Laboratories, Inc. (West Grove, PA, USA).
Horseradish peroxidase–conjugated rabbit antimouse
and goat antirabbit IgGs were purchased from Dako A/S
(Glostrup, Denmark).
DNA constructs
Human nephrin cDNA containing the full-length cod-
ing region was cloned into the mammalian expression
vector pcDNA3 (Invitrogen, San Diego, CA, USA) as
described [37]. Finn-minor nonsense mutation was cre-
ated using nephrin cDNA in pcDNA3 as a template
and a Quick Change Site-Directed Mutagenesis Kit
(Stratagene, La Jolla, CA, USA) according to the manu-
facturer’s protocol, as described elsewhere [37]. These
constructs were used to generate NPH15 and Finn-minor
cell lines, respectively. pME-B-FynY531F and pME-B-
FynK299M encoding a constitutively active Fyn and an
inactive kinase mutant, respectively, were kind gifts from
Dr. T. Yamamoto and Dr. Tohru Tezuka (The Univer-
sity of Tokyo, Tokyo, Japan) [38, 39]. Dr. Yamamoto
and Dr. Tezuka provided also the plasmids pcDNA3-
hSrcY530F and pcDNA3-hSrcK298M. Expression con-
structs for a constitutively active Lyn and a kinase-dead
inhibitory form, pCALynY508F and pCALynY397F, re-
spectively, were obtained from Dr. M. Hibbs (Ludwig
Institute for Cancer Research, Melbourne, Australia) [40].
Plasmids pMIK-NeoYes and pMIK-NeoYesY535F were
donated by Dr. M. Sudol (Mount Sinai School of Medi-
cine, New York, NY, USA) [41]. pMIKNeo-YesY306F
encoding an inactive form of Yes was created using
pMIK-NeoYes as a template and a Quick Change Site-
Directed Mutagenesis Kit as described above.
Cell culture
HEK293 cells and their derivatives NPH15 and Finn-
minor cells were grown in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal bovine
serum (FBS), 100 U/mL penicillin, and 100 g/mL strep-
tomycin. NPH15 and Finn-minor cells expressing human
nephrin or the Finn-minor mutant form of human nephrin,
respectively, were generated by transfecting HEK293
cells with the corresponding nephrin cDNAs as described
[37]. For maintaining the human nephrin expression,
NPH15 and Finn-minor cells were grown in the presence
of G418 (1 mg/mL).
A conditionally immortalized mouse podocyte cell line
was kindly provided by Dr. Peter Mundel (Albert Ein-
stein College of Medicine, New York, NY, USA). The
cells were maintained and propagated in RPMI-1640
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medium supplemented with 10% FBS, 100 U/mL penicil-
lin, and 100 g/mL streptomycin as described [15].
Clustering and preparation of cell extracts
Near-confluent cultures of cells were washed three
times with ice-cold phosphate-buffered saline (PBS), and
then incubated with the monoclonal antinephrin anti-
body 50A9 (10 g/mL DMEM containing 25 mmol/L
Hepes, pH 7.4) for 30 minutes at 4C. After removing
the primary antibody solution, cells were incubated with
goat antimouse IgG (whole antibody or F(ab)2 frag-
ment, 20g/mL) for indicated times. Secondary antibod-
ies were removed, and plates very gently rinsed once
with PBS. Cells were lysed in lysis buffer containing 25
mmol/L Hepes, pH 7.4, 150 mmol/L NaCl, 5 mmol/L
MgCl2, 10% glycerol, 1% Triton, 10 mmol/L sodium
fluoride, 1 mmol/L sodium orthovanadate, and 1 mmol/L
phenylmethylsulfonyl fluoride (PMSF). Extracts were
cleared by centrifugation at 15,000g for 10 minutes at
4C. For immunoprecipitation with the antiphospho-
tyrosine antibody RC20:biotin, cells were lysed into the
radioimmunoprecipitation assay (RIPA) buffer contain-
ing 50 mmol/L Tris-HCl, pH 7.4, 150 mmol/L NaCl, 5
mmol/L ethylenediminetetraacetic acid (EDTA), 1%
Nonidet P-40 (Amersham Pharmacia, Uppsala, Sweden),
0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate
(SDS), 10 mmol/L sodium fluoride, 1 mmol/L sodium
orthovanadate, and 1 mmol PMSF.
Transient transfections
Cells were transfected using the calcium-phosphate
method. A total of 30 g of DNA was used per a 10 cm
dish. Precipitates were incubated on cells overnight and
washed away with fresh medium. Cells were then cul-
tured for an additional 24 hours and harvested in the
lysis buffer as described above.
Immunoprecipitations
For immunoprecipitations, cell lysates were incubated
with indicated antibodies for 2 hours at 4C, and then
for an additional 1 hour with Dynabeads Pan Mouse IgG
beads (Dynal ASA, Oslo, Norway). Immunocomplexes
were collected on a magnete and beads were washed three
times with the lysis buffer. The precipitated proteins were
eluted by boiling in the SDS-polyacylamide gel electro-
phoresis (PAGE) sample buffer for 5 minutes. When the
antiphosphotyrosine antibody RC20:biotin was used as
a precipitating antibody, immunocomplexes were col-
lected with streptavidin-agarose beads (Sigma Chemical
Co., St. Louis, MO, USA).
Transcription factor activity assay
Nuclear extracts from the clustered NPH15 and Finn-
minor cells were prepared using TransFactor Extraction
Kit (Clontech Laboratories, Inc., Palo Alto, CA, USA)
and a standard protocol provided by the manufacturer.
Transcription factor activities were assayed using Mer-
curyTransfactor Kit 2 (Clontech Laboratories) according
to the manufacturer’s instructions. The assay was based on
enzyme-linked immunosorbent assay (ELISA) detection
of factors bound to specific DNA sequences. Shortly, the
wells of ELISA plate were coated with covalently linked
oligonucleotides containing consensus binding sequences
for each transcription factor. Nuclear extracts were incu-
bated in the wells and bound factors were then detected
by a specific primary antibody. A horseradish peroxi-
dase–conjugated secondary antibody was then used to
detect the bound primary antibody. 3,3,5,5-tetramethyl
benzidine (TMB) was the substrate of peroxidase reac-
tion and the enzymatic product was assayed at 655 nm
with microplate reader.
Western blotting
Proteins were fractionated by SDS-PAGE under re-
ducing conditions and then electrophoretically trans-
ferred to poly(vinylidene difluoride) membrane. Follow-
ing incubation with PBS containing 5% nonfat dry milk,
1% bovine serum albumin, 1% casein hydrolysate, and
0.05% Tween, the filters were incubated with indicated
primary antibodies at least for 1 hour at room tempera-
ture. The primary antibodies were detected with horse-
radish peroxidase-conjugated antimouse or antirabbit Ig
antibodies and Renaissance chemiluminescence re-
agents (NENTM Life Science Products, Boston, MA, USA).
When RC-20:HRPO (antiphosphotyrosine) was used as
a primary antibody, Tris-buffered saline (TBS) was used
instead of PBS and the blocking solution contained 3%
bovine serum albumin as an only blocking protein.
RESULTS
Signaling by cell adhesion molecules of the Ig super-
family, integrins, and certain receptor tyrosine kinases
is initiated by the clustering of receptors with multivalent
ligands or antibodies [42, 43]. In order to examine whether
nephrin has a role in signal transduction, it was clustered
on the surface of HEK293 cells expressing nephrin as a
recombinant protein with the monoclonal 50A9 antibody.
Cell lysates were analyzed by Western blotting with anti-
phosphotyrosine antibody. Clustering induced strong and
nearly immediate increase in tyrosine phoshorylation of
a 185 kD protein (Fig. 1A) that was shown to be nephrin
by immunoprecipitating nephrin from cell lysates and
examining its tyrosine phosphorylation status with and
without clustering (Fig. 1B). Furthermore, the intracellu-
lar domain of nephrin was demonstrated to be essential
for the appearance of the phosphorylated 185 kD protein
since clustering of Finn-minor mutant lacking nearly the
whole intracellular domain did not result in increased
phosphorylation (Fig. 1C). Finn-minor expression was
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Fig. 1. Clustering induces tyrosine phosphor-
ylation of nephrin that can be inhibited by an
inhibitor of Src family kinases. (A ) Subcon-
fluent NPH15 cells were first incubated with
antinephrin monoclonal antibody on ice for
30 minutes, and nephrin was then clustered at
37C with goat antimouse immunoglobulin
G (IgG) for indicated times. Cells were lysed
in sodium dodecyl sulfate-polyacrylamide gel
elctrophoresis (SDS-PAGE) sample buffer
containing phosphatase inhibitors and analyzed
by SDS-PAGE and Western blotting. The con-
trol sample was incubated with goat antimouse
IgG only, both on ice and at 37C. The re-
sults of two parallel experiments are shown.
(B ) Nephrin on NPH15 cells was clustered for
3 minutes either in the presence or absence of
4-amino-5-(4-chlorophenyl)-7-(t-butyl)pyrazole
[3,4-d]pyrimidine (PP2), a specific inhibitor of
Src family kinases. After cell lysis in Triton-
containing lysis buffer, nephrin was immuno-
precipitated with antinephrin monoclonal an-
tibody and subjected to SDS-PAGE and
Western blot analysis along with samples of
the cell lysate and the Triton-insoluble cell
pellet. Prior to SDS-PAGE, Triton-insoluble
fractions were washed twice with the lysis
buffer and dissolved to the SDS-PAGE sam-
ple buffer. (C ) Finn-minor cells expressing
the Finn-minor mutant of nephrin that lacks
nearly the whole intracellular domain, and
NPH15 cells were incubated with antinephrin
monoclonal antibodies as described above.
Nephrin was clustered with secondary anti-
bodies for 3 minutes and immunoprecipitated
from the cell lysates. The immunoprecipitates
were examined by SDS-PAGE and Western
blotting.
typically slightly higher than wild-type nephrin expres-
sion (see e.g., Figs. 4E and 5B). We also found that
cells expressing the full-length nephrin tended to lose
gradually nephrin expression. For the assay shown in
Figure 1C cells were passaged several times before the
experiment, which made the difference in expression
levels very striking. Stimulated phosphorylation reached
the highest levels between 1 and 3 minutes, and then
declined gradually closer to basal levels. However, it was
still after 10 minutes significantly elevated. Two other
tested monoclonal antihuman nephrin antibodies, 43H7
and 32B1, induced nephrin phosphorylation with identi-
cal kinetics, but with slightly lower intensity (results not
shown). Monoclonal antibody 50A9 recognizes the
eighth IgG domain that is the closest one to the fibronec-
tin domain and cell membrane, whereas 43C7 and 32B1
are specific for the first two IgG domains.
In the next experiment, the clustering was visualized
by immunofluorescence microscopy (Fig. 2). Nephrin
was clustered on the cells cultured on glass coverslips
with fluorescent secondary antibodies before fixing the
cells. In the confluent cultures of the NPH15 cell line,
nephrin is localized mainly at the cell-cell adhesion sites.
Clustering removes nephrin from the cell-cell connec-
tions and collects it to large aggregates on the apical side
of the cells. However, the cells are still adhering to each
other. Some smaller aggregates are seen already when
only the antinephrin monoclonal antibody is added onto
the cells before fixation. Similarly, the primary antibody
also induces nephrin phosphorylation, but the induction
is considerably increased if secondary antibodies are
added (results not shown).
Human nephrin has three highly potent tyrosine phos-
phorylation sites for Src family kinases, Tyr1176 Tyr1193 and
Tyr1217. The two latter ones are conserved in mouse and
rat nephrin, the first one only in mouse nephrin [2].
Src family kinases are known to be involved in tyrosine
phosphorylation of several signaling Ig superfamily pro-
teins [43, 44]. To examine, whether this is the case with
nephrin, the effect of a specific inhibitor of Src family
kinases, 4-amino-5-(4-chlorophenyl)-7-(t-butyl)pyrazole
[3,4-d]pyrimidine (PP2) [45] on nephrin phosphorylation
was studied. It was found that10 mol/L PP2 inhibited
clustering-induced phosphorylation completely (Fig. 1B),
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Fig. 2. Clustering of nephrin on the surface of transfected HEK293 cells. (A ) HEK293 cells stably transfected with human nephrin (NPH15 clone)
were cultured on coverslips, incubated with the monoclonal anti-nephrin antibody for 30 minutes on ice and for 10 minutes at  37C with the
fluorescein isothiocyanate (FITC)-labeled antimouse immunoglobulin G (IgG) before fixation. (B ) Cells were incubated in vivo only with the
primary antinephrin antibody, and then fixed. (C ) Localization of nephrin in cells that were not treated with antibodies.
suggesting that Src family kinases are the major kinases
phosphorylating nephrin on tyrosine residues. Experi-
ments with PP2 showed also that the decreased solubility
of nephrin in Triton-containing lysis buffer and the lower
recovery of clustered nephrin by immunoprecipitation
were apparently due to the formation of large immuno-
complexes during clustering, not a result of phosphoryla-
tion or phosphorylation-induced alteration in protein-
protein interactions (Fig. 1B).
There are nine members in Src family of kinases. Blk,
Hck, Fgr, and Lck are confined to lymphoid and myeloid
tissues, whereas Fyn, Src, and Yes are widely distributed
throughout the organism [46, 47]. Lyn is also widely
distributed although predominantly expressed in hema-
topoetic cells. Yrk is found in several tissues [48], but the
detailed information about expression pattern is lacking.
We carried out Western blot analysis on NPH15 cells
(transfected HEK293) and mouse podocyte cell line in
order to identify Src family kinases expressed in these
cells. Using pan anti-Src family specific antibody, several
protein bands were detected in cell lysates (Fig. 3). The
calculated molecular weights for these were approxi-
mately 60 kD, 59 kD, and 56 kD, respectively, suggesting
the presence of Src, Fyn, and Lyn in podocytes, and Src
and Lyn in NPH15 cells. This was confirmed by Western
blotting of cell lysates with the specific antikinase anti-
bodies (Fig. 3). In addition to above-mentioned kinases,
we detected ubiquitous Yes kinase in both lysates, al-
though the signal was weak in NPH15 cells. Moreover,
we found that the NPH 15 cells express Fyn kinase, too,
although at lower levels.
To determine which of Src family kinases could be
involved in nephrin phosphorylation in vivo, HEK293
cells were cotransfected with cDNAs encoding nephrin
and the constitutively active form of either Fyn, Lyn,
Src, or Yes. Inactive forms of kinases were similarly
transfected as negative controls. As shown in Figure 4,
Fig. 3. Several Src family kinases are expressed in NPH15 cells and
podocytes. NPH15 cells and podocytes were lysed in the sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) sample buffer.
Equal amounts of proteins from both lysates was subjected to SDS-
PAGE and Western blot analysis.
expression of Src family kinases resulted in induction
of tyrosine phosphorylation of nephrin. Induction was
particularly robust when Src or Fyn kinase was coex-
pressed with nephrin (Fig. 4 A and B).
Next, we carried out coimmunoprecipitation experi-
ments in order to gain some information about in vivo
association of the kinases with nephrin. We could consis-
tently detect Fyn in antinephrin immunoprecipitates
from NPH15 cells, but not in immunoprecipitates from
Finn-minor cells (Fig. 4E). In some cases, but inconsis-
tently, also Lyn and Src coimmunoprecipitated with
nephrin, whereas we never observed Yes kinase in anti-
nephrin immunoprecipitates (results not shown).
Stimulation of nephrin phosphorylation is likely to
result in a signaling cascade and alterations in phosphor-
ylation levels of other phosphoproteins. When analyzing
total cell lysates by Western blotting, we could not detect
any apparent changes in phosphorylation of other pro-
teins besides nephrin. However, when phosphoproteins
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Fig. 4. Src, Fyn, Yes, and Lyn are able to induce tyrosine phosphorylation of nephrin, and Fyn coimmunoprecipitates with nephrin. (A to D )
HEK293 cells were cotransfected with the plasmids encoding nephrin and either Src, Fyn, Lyn, or Yes. As negative control, nephrin cDNA was
cotransfected with cDNAs encoding inactive forms of the kinases. Cells were lysed and nephrin was immunoprecipitated with antinephrin monoclonal
antibodies. Immunoprecipitates were analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and Western blotting.
(E ) For immunoprecipition, NPH15 and Finn-minor cells were extracted in the lysis buffer and nephrin was immunoprecipitated from the cell
extracts with the monoclonal antibody 50A9 as described in the Methods section.
were first concentrated by immunoprecipitation with anti-
phosphotyrosine antibody, and then examined by Western
blotting, nephrin clustering was found to induce phos-
phorylation of a 46 kD protein (Fig. 5A). Strikingly, a
phosphoprotein of similar size was also coimmunopreci-
pitated with nephrin (Fig. 5B). An adapter protein Nck
was a good candidate for the 46 kD protein, since se-
quences around Tyr1176 and Tyr1193 in nephrin form ideal
consensus sequences for Nck binding. However, when
examined by immunoprecipitation with anti-Nck and
Western blotting with antiphosphotyrosine antibodies,
Nck was not found to be phosphorylated after clustering
of nephrin. Neither was Nck coimmunoprecipitated with
nephrin (results not shown).
DISCUSSION
Nephrin has a typical domain and sequence structure
of a cell-cell or cell-matrix adhesion protein. Its location
is very exactly and specifically the slit diaphragm, where
nephrin forms an ordered two-layer structure [49]. Based
on the above referred electron tomography studies, im-
munohistochemistry with patient samples [36, 50], and
experiments on knockout animals [3], it is apparent that
the intactness of the glomerular ultrafiltration barrier is
dependent on the maintenance of this structure. This
implies that podocytes have to know whether nephrin is
correctly positioned or not (i.e., when nephrin molecule
has reached the slit diaphragm and settled there), and
on the other hand, when the slit diaphragm is broken
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Fig. 5. Clustering of nephrin induces tyrosine phosphorylation of a 46 kD
protein; a protein of similar size coimmunoprecipitates with nephrin.
(A ) Nephrin was clustered on NPH15 and Finn-minor cells for 3 min-
utes. Cells were lysed in radioimmunoprecipitation assay (RIPA) buffer.
Tyrosine phosphorylated proteins were immunoprecipitated with
RC20:biotin, resolved by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) and visualized by Western blotting with
antiphosphotyrosine antibody RC20:horseradish peroxidase. (B ) Finn-
minor or NPH15 cells were lysed to the Triton lysis buffer, and nephrin
was immunoprecipitated with antinephrin monoclonal antibodies. Im-
munoprecipitates were analyzed by Western blotting.
and nephrin looses its normal extracellular contacts. It
might be the case that nephrin is not only an important
structural component of the filtration barrier, but it is
also used as a “sensor” of the intactness of this barrier.
Dislocation of nephrin from the slit diaphragm may initi-
ate a signaling cascade that provides a response to the
altered situation.
It has been shown that in the antiganglioside antibody-
induced proteinuria nephrin is dislocated to the apical
pole of narrowed filtration slits, and is tyrosine phosphor-
ylated [29]. Earlier studies have shown that antinephrin
antibodies are able to induce proteinuria [30, 31] and
that the perfusion with protamine sulfate leads to rapid
disappearance of the slit diaphragm, foot process efface-
ment, and induces phosphorylation of unidentified 180 kD
protein [51]. Taken together, these observations suggest
that nephrin has, indeed, signaling functions.
Signaling by cell adhesion molecules of the Ig super-
family, integrins, and certain receptor tyrosine kinases
is initiated by the clustering of receptors with multivalent
ligands or antibodies [42, 43]. In the case of nephrin, clus-
tering by antibodies moves nephrin on the plane of cell
surface, thus likely mimicking the situation when interac-
tion of nephrin with its extracellular ligand is altered.
We clustered nephrin on the surface of transfected
HEK293 cells. Immortalized mouse podocytes were also
available, but these cells do not express endogenous neph-
rin. Since immortalized podocytes are poorly transfect-
able and expression levels of exogenous proteins after
transfection are low [52], we focused to analyze nephrin
signaling in transfected HEK293 cells. Furthermore, we
showed that HEK293 cells express the same Src family
kinases as podocytes, and are thus likely a relevant model
system to study nephrin signaling.
Clustering of nephrin strongly and rapidly induced its
own tyrosine phosphorylation in 1 minute. The induction
of phosphorylation could be inhibited by PP2 indicating
that Src family kinases are either directly or indirectly
involved in nephrin phosphorylation. These kinases gen-
erally phosphorylate tyrosines in the context of the motif
I/L-Y-D/E-X-L/V/F [53, 54]. However, there are differ-
ences between the family members in the substrate pref-
erence. For example, Blk and, in particular, Lyn have a
strong preference for an acidic amino acid at the position
1 on the carboxy terminal side of the tyrosine residue.
Src kinase itself tends to slightly favor also substrates
having either glycine or tryptophane at the position 1.
We showed in this study that the ubiquitously ex-
pressed family members Fyn (59 kD), Src (60 kD), and
Yes (62 kD) are present in podocytes (Fig. 3). Western
blot analysis of podocyte lysates by pan anti-Src family
kinase antibody and in vitro kinase analysis (results not
shown) suggested that also a smaller Src family kinase
is expressed in podocytes and is potentially able to phos-
phorylate nephrin. We speculated that this kinase could
be Lyn (56 and 53 kD), since the size of the detected
putative kinase matched with that of Lyn and since the
sequences of the three most likely tyrosine phosphoryla-
tion sites in nephrin match with the optimal substrate
phosphorylation site of Lyn. Western blotting with a
specific antibody indicated that Lyn is, indeed, expressed
in podocytes. Consequently, we decided to carry out co-
transfection experiments with nephrin and Fyn, Lyn, Src,
and Yes, respectively, to examine which of kinases are
able to induce nephrin phosphorylation. When cotrans-
fected with nephrin, all tested Src family kinases were
able to induce nephrin phosphorylation at least to some
extent. The most notable phosphorylation was obtained
by coexpressing Src or Fyn with nephrin. Nephrin has
several putative phosphorylation sites matching with the
Src family kinase substrate sites, and it is possible that
nephrin is in vivo phosphorylated by several kinases.
This could happen according to the processive model
where one kinase first phosphorylates nephrin and then
the second one binds to phoshotyrosine residue via its
SH2 domain and continues phosphorylation of other
substrate sites [53, 55]. Alternatively, the kinase associat-
ing with nephrin could phosphorylate other substrate
proteins present in same protein complex, as happens
(e.g., with Fc receptors) [56].
General biologic functions of various Src family ki-
nases support their role in nephrin phosphorylation, but
they do not offer opportunity to draw definite conclusion
which of them are involved in nephrin phosphorylation
in vivo. Noteworthy, it is known that slit diaphragms and
nephrin are localized at membrane regions called rafts
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[29]. The presence of Src [57], Lyn [58], Fyn [59], and
Yes [60] in raft has been shown. Fyn and Src have well-
documented roles in cell adhesion and in signaling by
IgG superfamily proteins [43, 44], Yes is known to partic-
ipate in tight junction formation [61]. Tight junction and
the slit diaphragm have some parallel features, and the
slit diaphragm has suggested even to be a modified tight
junction [22]. However, the most interesting observation
indicating significance of Src family kinases for the renal
development and function is that Fyn kinase knockout
mice display renal phenotype [62]. The renal phenotype
appears to be due to a glomerular defect, not related to
malfunctioning immunosystem, since renal phenotype is
present also in Fyn/Rag1/ double mutant mice, which
lack functional B or T lymphocytes. Fyn deficiency re-
sults in podocyte foot process effacement that is typical
to congenital nephrosis and to many other pathologic
states of kidney, and eventually to podocyte loss. Inter-
estingly, our coimmunoprecipitation experiments showed
that Fyn kinase immunoprecipitates with nephrin. This
implies that Fyn kinase either phosphorylates nephrin
in vivo or associates with phosphorylated nephrin, or
has both of these functions.
Tyrosine phosphorylation of nephrin creates binding
sites for other signaling proteins, and very likely also
initiates a phosphorylation cascade. Phosphotyrosine
residues can be recognized by SH2, pleckstrin. or PTB
domains. When phosphorylated, Tyr1176 and Tyr1193 form
putative binding sites for the SH2 domain of an adaptor
protein Nck [63]. Clustering of nephrin in NPH15 cells
induced tyrosine phosphorylation of a 46 kD protein,
and matched well with the molecular weight of Nck. Nck
family of adaptor proteins is implicated in the regulation
of actin cytoskeleton [64], agreeing well with the poten-
tial role of nephrin signaling. A phosphoprotein of 46 kD
was also coimmunoprecipitated by antinephrin antibod-
ies suggesting direct association with nephrin. However,
we could not detect any changes in Nck phosphorylation
after clustering of nephrin on NPH15 cells, neither was
Nck coimmunoprecipitated with nephrin. Thus the iden-
tity of the 46 kD protein remains to be determined.
Recently, transfection of nephrin cDNA into HEK293
cells was shown to activate c-Jun [17]. There are also
plenty of examples where Src, Fyn, Yes, or Lyn alone or
in different combinations are needed to activate c-Jun in
signal transduction pathways [65–70]. It is worth men-
tioning in this context that in agreement with these data
and the findings of our study, we observed twofold higher
c-Jun activities in clustered NPH15 cells than in clustered
Finn-minor cells. The assay was based on the measure-
ment of c-Jun DNA-binding activity that is increased
when c-Jun is phosphorylated by Jun aminoterminal ki-
nase [71]. No difference in the DNA-binding activity of
SP1 transcription factor was found between the NPH15
and Finn-minor cells lines. Interestingly, the DNA-bind-
ing activity of JunD, a broadly expressed partial antago-
nist of c-Jun, was also almost twofold higher in clustered
NHP15 cells than in Finn-minor cells. JunD expression
has been connected to terminal differentiation of cells
[72]. It also protects cells from senescence and apoptosis
[73]. Protection of differentiated podocytes from apopto-
sis during proteinuria (i.e., when the structure of the slit
diaphragm is disturbed or during temporal disturbations
in cell adhesion) would be of great importance. Conse-
quently, the role of nephrin signaling in apoptosis pre-
vention is well worth further investigations.
As mentioned above, it is possible that nephrin signal-
ing is important for the induction of rapid changes in
the actin cytoskeleton that are occurring (e.g., during foot
process effacement and recovery from the effacement).
Tyrosine phosphorylation of nephrin certainly influences
its capability to interact with cytosolic proteins, possible
also affecting associations with components that connect
nephrin with the actin cytoskeleton. Another interesting
possibility is that nephrin phosphorylation could be a
signal for the endocytotic removal of nephrin from cell
surface after the damage of the slit diaphragm.
In this study, we developed an experimental system
for investigating signaling in the slit diaphragm. Using
this system, we demonstrated that Src family kinase ac-
tivity is crucial for tyrosine phosphorylation of nephrin,
and that several members of Src family kinases are ap-
parently able to catalyze nephrin phosphorylation. These
are the first steps in the elucidation of signaling functions
of nephrin, and as such are definitely essential. The most
important aim of the investigation of nephrin signaling
is, of course, to unravel how the signaling is induced in
vivo in kidneys and how it relates to development of
various glomerulopathies. For those purposes our study
gives essential tools by means of providing a cell culture
model and pointing out the activity of Src family kinases,
c-Jun and JunD as potential indicators of the signaling
status of the slit diaphragm.
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